Introduction
The use of polymers as biomaterials have been the subject of intense investigation over the past fifty years.
1,2 Different chemical structures and functional groups in such polymers govern their morphology and properties, and allow precisely control the creation of desired molecular architectures for a wide range of application in the biomedical field. For example, biocompatible polymers have been used successfully as artificial organs and drug delivery systems. 3, 4 However, it is to be noted that the degree of success in such applications depend on the self-organization and biocompatibility of the formulated molecular architecture. The biomaterials which are derived from polymers generally fall into two categories: naturally occurring and human-made synthetic materials. Collagens, alginate and chitosan based materials are the best examples of biomaterials derived from natural resources. The polymers derived from synthetic origins are divided into two classes: nonbiodegradable and biodegradable synthetic polymers.
Recently, the biodegradable polymers become highly important in the field of biomaterials and tissue engineering, due to the avoidable additional surgery to remove the implants or scaffolds. Thus, much attention needs to be undertaken on the synthesis of biodegradable polymers.
In medical applications there is an on-going research and development (R&D) effort for the improvement of methodologies and devices for more efficient and effective processing of biomaterials. The outcome of such R&D has recently been applied to successfully treat many diseases. [5] [6] [7] Amongst the wide range of biomaterials which have been synthesised in recent time for potential use in medicine, majority of these do not have suitable properties to interact effectively with biological tissues or cells. However, it is deemed possible to improve their intrinsic proprieties using required and appropriate process engineering for optimum result. Crosslinking of biopolymers is one of the examples of process engineering which has provided a means to improve the quality of biomaterials for wider medical applications. For example, crosslinked form of soft polymers, classified as hydrogels, 8 is a class of new generation of exciting biomaterials that has demonstrated the ability to form scaffolds for a variety of use such as, tissue engineering, delivery of active molecules, and biosensors and actuators. Hydrogels are 3D structured polymeric materials, "swell gels", which are formed via crosslinking reactions of polymers (Fig. 1) . The hydrogels can be synthesised with required properties depending on the chemical structure, composition and confirmation of starting materials, density of linking of polymer chains, hydrophobicity and hydrophilicity for a particular biomedical application. bonded complexes; hydrophilic networks stabilized by hydrophobic domains; interpenetrating polymer networks (IPNs) or physical blends; specific molecular recognition; and self-assembling of polymers or polypeptides.
Hydrogels can be synthesised both from natural and synthetic polymers. The examples of hydrogel from natural polymers are: collagen, gelatin, hyalauronic acid, chrondroitin sulphate, chitin and chitosan, alginate, starch, cellulose, and their derivatives. Hydrogels from natural polymers have many advantages over the synthetically derived ones such as low toxicity, good biocompatibility because of their chemical structures are very akin to the structure of glycosaminoglycan (GAG) molecules present in the native extracellular matrix (ECM). Hydrogels from synthetic polymers are prepared by chemical polymerisation methods. Various types of monomers, for examples, acrylates, methacrylates, acrylamides, esters, carboxylic acid and polyfunctional Fig. 1 Schematic representations of the preparation process of polymer hydrogel (HG) using different methods. (a) HG is synthesised by photo-polymerisation. In this the polymer is mixed with appropriate monomers, other formulation components and then irradiated the monomer blend (in vitro or in vivo) with a beam of light of suitable wavelength. (b) HG is produced by physically cross-linking with polymers differently charged (b-i) or with counter ions (b-ii) (e.g., hyaluronic acid, alginate, chitosan), and a polymeric composition may partially crystallize under certain circumstances, and crystallites act as crosslinking point gelling the formulation (b-iii). (c) Block copolymers (BAB, ABA) composed of hydrophobic (A) and hydrophilic (B) units are able to form flower (c, bottom) or core (c, top) micelle when dispersed in water. By increasing polymer concentration or temperature, these micelles are also able to self-assemble in ordered structures that form HG. (d) HG is produced by covalent links between polymeric chains can be created by the use of reactive crosslinker(s) with or without initiators ('chemical' gels). monomers, can be utilised for the preparation of synthetic hydrogels. 9 The details description of the preparation of hydrogels is beyond the scope of this review. This topic has been covered in depth by several researchers. [9] [10] [11] In this review, we describe the recent developments of polymeric biomaterials and 3D structure generation by utilizing a variety of advanced techniques and methods with emphasis on various types of tissue engineering. Several strategies for the 3D scaffolds fabrication, which include lithography and printing techniques, patterning by self-organisation of polymers, self-assembling peptides, and cellular compatibility of polymer-based biomaterials and hydrogels are presented. The advantages and drawbacks in the 3D scaffold fabrication methods are also discussed. Additionally, we describe the applications of polymeric biomaterials and scaffolds in tissue engineering, particularly to the cartilage, bone and neural tissue regeneration. Furthermore the approaches for incorporation of bioactive factor molecules in biomaterials via physical encapsulation and chemical crosslinking, their functions and specific applications in tissue regeneration have been discussed.
Tissue Engineering (TE)
The objectives for TE approach is to replace, repair or regenerate damaged tissues, or to create artificial tissues for transplantation, when normal physiologic reaction fails to take place and surgical procedure becomes essential. A number of strategies of TE have been schematically presented in Fig. 2 . Currently two different standards are used, e.g. autografts and allografts. Each of them, however, has severe limitations, including donor-site morbidity in the case of using autografts and the associated potential risk of disease transmission in the case of using allografts. In recent time, considerable research effort has been made worldwide to overcome the inherent limitations of current standards and to improve the biomedical technology by employing 3D biomaterials scaffold-based TE strategies. In scaffold-based TE approach, it is essential that the interactions of 3D-scaffold materials and cells takes place by means of biocompatibility, cell adhesion, proliferation, growth, differentiation and matrix deposition. Scaffold must be design with an appropriate surface chemistry and morphology to promote cellular functions and with sufficient structural and physical properties such as mechanical strength, porosity and pore sizes. Such scaffolds can be fabricated from the origin of biodegradable and non-biodegradable polymers. In the case of biodegradable 3D scaffold, it must be design in such a way so that it maintains structural integrity, and functions and degrades in a controlled manner, until the new tissues are formed and the function continues.
Biomaterials scaffolds has been synthesised from different types of organic and inorganic polymers and materials including polymers from natural and synthetic origin, ceramics, and their composites. Scaffolds materials must be designed to mimic the 3D structure of native tissue and have the ability to act as delivery agents for growth factors, drugs / antibiotics, and chemotherapeutic agents, depending on the nature of the tissue to be repaired. Biomaterials scaffolds can be pre-fabricated either solid structure or injectable forms that harden in situ (hydrogels) which essentially will depend on the nature of specific tissue engineering application.
3D Scaffolds Fabrication for TE
There are several strategies in TE currently under investigation; examples are schematically described in Figure 2 . Most of these utilize cells which are seeded onto 3D scaffold. Scaffolds are generally designed to be fabricated with a wide range of properties which include: appropriate surface chemistry, porosity with pore dimension from macro to submicron and interconnectivity networks, which allow cell-cell communication and migration, cell proliferation and differentiation, and finally to maintain the biocompatibility and structural integrity throughout the tissue regeneration process.
Method of fabrication of biocompatible 3D scaffolds with appropriate architectures is divided into two classes: (i) conventional and (ii) rapid prototyping. The former class of fabrication often do not provide sufficient physical and mechanical properties, consequently such type of scaffold undergo deformation because of cells motility. Whereas the rapid prototyping methods do not have such disadvantages and can provide all essential characteristics for specific TE application. 3D nano/micro patterns scaffolds fabricated by rapid prototyping showed significant influence on cellular morphology, cell proliferation and differentiation and also on the functioning of various cell types. [12] [13] [14] The scaffold fabrication by conventional methods include phase separation, 15 porogen leaching, 16 gas foaming, 17 fibre meshing 18 and supercritical fluid processing. 19 The second category is more advanced and examples of this prototyping techniques include the selective laser sintering, 20 3D printing 21 and lithography. 22 More recently, self-organized honeycomb porous structures using block-copolymers 23 have been developed. The following section is highlighted on the recent development on scaffold fabrication by lithography and 3D printing, and also elaborated on self-organization methods, as well as self-assembly of peptides, specifically for the enhancement of cellular functioning in tissue engineering applications.
3D Scaffold Fabrication by Lithography and Printing Techniques
Polymer patterning of 3D surfaces in biomedical research to study cellular behaviour and TE [24] [25] [26] has generated a great deal of interest within the academic and industrial researchers' world-wide. Because of this, a great deal of advancement has taken place in this technology in recent time, in particular, polymeric biomaterials and crosslinked hydrogels have found wide applications in microdevices using various approaches. In following section the recent development in hydrogel patterning using photolithography, dippen lithography, nanoimprinting, contact printing, solid-free form, robotic deposition and their application in TE have been described. The interference methods generate periodic patterns such as Bravais lattices. 42 The 3D patterned structures are created by a 'two-steps' method. In the first step, a particular area of a monomer-, oligomer-or polymer-coated surface exposed to ultraviolet (UV) irradiation. This allowed the formation of photopolymerisation, photocrosslinking and /or other chemical reactions such as functionalization and decomposition reactions, or induces phase separation in the exposed areas. In the next step of the process, the remaining polymer surface area which was not exposed to UV radiation remains unreacted and when removed by dissolving in an appropriate solvent it creates a 3D pattern surface, as shown in Figure 3 .
Photolithography is a high-throughput technique, and is suitable for large-area of 3D surface pattern generation with good alignment (Fig.3 a-c) and topography. This technique can provide a broad range of features, varies from micrometres to sub-microns (e.g. 100 nanometres). However, for high-resolution 3D pattern surface generation special type of nonconventional masks, photoactive chemicals (e.g. monomers-, or oligomers or polymers), 43 short wavelengths of radiation, advanced optical techniques and special set-ups for lithographic are needed.
44
3D pattern surfaces created by this technique are used as , which can be cultivated in vitro (A-2) to differentiate, eventually modify them genetically (A-3, A-4), and expand them (A-5) prior to be reinfused, preferentially, in the same individual (A-6). TE Approach B: explanted cells could be engineered before reexposing them to all the signals (e.g., mechanical, molecular) of the human body. Cells encapsulated or seeded onto the HG /scaffold (B-1) and implanted in the body (B-2) to act as an artificial organ, or cells seeded / encapsulated scaffold assembled in a bioreactor (B-3) to form 3D tissue (B-4) serve as an external artificial organ (i.e. artificial liver), then implanted (B-5). TE Approach C: using tissueinducing substances that can be added in all types of in vitro cultivations (C-1) prior to reinfused to exposed cells in the body (C-2). TIM can be added to the scaffold prior to implantation (C-3, C-4). The use of TIM in vitro and on cells that are growing onto a scaffold (C-5, C-6) that will be implanted after a certain time, or that whole construct can be cultured in bioreactor to generate artificial organ prior to implantation (C-7, C-8). ), and the cells were localized in the patterned regions. SaOS-2 proliferated to confluence in 5 days, expressed alkaline phosphatase and produced a mineralized matrix. Fig. 3 (a) Scheme represents 3D surface patterning of using photo-induced crosslinakble polymer. In the above illustration (a) mask containing a variety of patterns was placed on top of polymer coated coverslip. UV light was focused onto the mask for a certain period followed by repeated washes in PBS to remove the non-polymerized gel and expose the underlying glass substrate within the patterned regions. Photolithography has also been utilised using a variety of other polymeric biomaterials such as polyethlene glycol (PEG), 39 poly(Nisopropyl acrylamide) (PNIPAAm), 36 and PEG-peptide Arg-Gly-Asp (RGD) hybrid hydrogels 35 for cells patterning and their functional studies.
A high-density Murine 3T3 fibroblasts array was generated (Fig. 3) , and cells were encapsulated in 3D confined hydrogel micro-wells. 35 Encapsulation of hepatocytes within the PEG-diacrylate hydrogel via photo-induced patterning yielded about 21,000 cell clusters per 100 mm 2 gel as a living cells array with a precise control of cells positioning, in which the duration of cell viability was up to few weeks. 39 Albrecht and co-workers have investigated 40 the multicellular organization in photo-induced patterned 3D hydrogels containing cells viable up to two weeks, which regulates the bovine articular chondrocyte. 40 However, in photolithographic systems there are some challenges remain to be solved, such as: (i) economic viability of the processing method, (ii) lack of resolution, (iii) lack of original properties following the generation of patterns, and (iv) unsuitability of UVsensitive biological materials for pattering.
Nanoimprinting Lithography (NIL).
NIL is a method for generating economically viable, 3D nano-structured and highresolution surfaces. [48] [49] [50] [51] [52] [53] [54] [55] In this method soft materials, such as polymer, oligomer or monomer formulation (denoted as "resist" in Fig. 4 a) are transferred to substrate by pressing mould, subsequently either treated with appropriate temperature, or exposing them to UV radiation, to obtain solid 3D pattern structure, as represented in Figure 4 a. The detail description of this method is well documented in several published literatures, 21, 52 therefore only a brief synopsis is presented below.
In this method designing of thermoplastic material to act as a suitable resist is critical factor to obtain high-resolution and defect free 3D pattern surfaces. For example, some polymers such as poly(methyl methacrylate) (PMMA) and polystyrene (PS) are susceptible to lead fracture on the 3D pattern surface. 53 Therefore, multifunctional copolymers, either block or graft-copolymers, are the preferred class of materials for defect free pattern. 55 It has been demonstrated that using polydimethylsiloxane (PDMS)-block-PS copolymer as resist a 250 nm line width grating pattern has been constructed (Fig. 4 ) 54 with excellent mould releasing properties and without defect. Another feature of this technology is the formulations using UV-induced polymerisation; particularly those developed using acrylic and methacrylic monomers via free radical polymerization due to their high-reactivity. However, the environmental oxygen can lead to detrimental effect to the polymerisation reaction at the surface layer of resist. To resolve this problem, either inert atmosphere during processing or a UVsensitive cationic crosslinking of cycloaliphatic epoxides has been developed. 55 Other advanced chemical methods had been adopted for cell-based patterning, 56 tissue engineering 57, 58 and the cellular response to the surface morphology and structures. 59 For these, surface topography has been found to play an important role, as most attached cell types are reactive even in few nm scale differences of topographic structure. 60 Development of groove pattern structures with varying width in the range between 100 nm and 400 nm with a constant depth of 97 nm depths has been reported and this template was utilised for nerve cells guiding. 57 Researchers have demonstrated that cells do not follow the continuity of grooves and ridges, and the pattern surface influenced the shape of the cells by rearranging the cytoskeleton 57 as well as induced gene regulation. 59 Similarly, osteoblasts cells cultured on groove surfaces with a depth of 150 nm, and found similar alignment behaviour of cells. 58 The depth of the groove is a highly important parameter as this determines the wettability of the cells to be aligned. 58 The challenges such as controlling mould geometry, selection and formulation of thermoplastic resist material, precisely control the process parameters and suitable photosensitive materials selection, are still remained for reproducible of 3D pattern generation, which eventually will dictate future exploitation of this technique in biomedical arena. [61] [62] [63] [64] [65] [66] This technique has drawn enormous attention from communities belonging to materials and chemical science, tissue engineering and biological sciences. In the past few years a significant improvement of the process, particularly, in the design technologies commensurate with biomedical applications. 61 Using this method, a high-quality 3D patterns has been achieved by selecting appropriate conditions with no contamination, without deformation of stamps and the lateral diffusion of the ink, the more details on the μCP patterning have been extensively reviewed in open literature. 22, 61 In μCP a poly(dimethylsiloxane) (PDMS) stamp which has relief features to transfer an inked material to substrate, as demonstrated in Fig 5. a. Due to the elastomeric property of PDMS, the stamp deforms macroscopically allowing increasing features over large areas (a few cm 2 ). PDMS has low surface energy due to the flexibility of the siloxane chain and the low intermolecular forces between the methyl groups, 63 which facilitate peeling of the stamp from the substrate after printing. Researchers have reported patterns with features less than 50 nm using μCP with PDMS stamps. 67 In highresolution patterning, the deterioration of the surface features could be minimised by using functional polymers that interact with the surface. The examples of such polymers are: poly(acrylic acid), poly(ethyleneimine) and small heavy weight macromolecules (e.g. dendrimers). This technique has been employed enormously in various applications such as plastic electronics, optics, surface sciences and biological fields. For more details on μCP technique the readers are referred to published reviews. 38, 61 In biological fields, μCP technique has been utilised for patterning DNA, 68 the immobilization of proteins and peptides on substrates for cellular adhesion, 62, 69, 70 or protein resistant polymers, [64] [65] [66] 71 as demonstrated in Figure 5 . Researchers have demonstrated cell patterning on silicon based substrates, 72 PS, 66 and on bio-resorvable polymers, 62, 59 which could potentially be applied in biomedical
fields. Several researchers have demonstrated [73] [74] [75] [76] that this technique has the ability to manipulate polymeric biomaterials between microns to nanometre scale to obtain various types of patterns shape such as rectangular and lines ( Fig. 5 e) , which has significant positive influence in cellular functioning, regenerative medicine and drug delivery system.
For example, Lin and co-workers created line patterns of proteins and cells using μCP on biodegradable polymers such as poly(lactic acid) (PLA) and poly(lactide-co-glycolide) (PLGA) substrates ( Fig. 5  f) , 73 which are routinely used as scaffolds in tissue engineering. Sitespecific immobilisation of proteins and NIH3T3 fibroblasts was achieved by printing a protein resistance polymer such as poly(oligoethylene glycol methacrylate) in a particular area, thus creating line pattern for cellular attachment. Cells remain confined within the line patterns on the PLGA and PLA films for up to 14 days, and aligned their actin cytoskeleton along the line patterns. This suggests that this method could have significant influence in cell-based tissue engineering applications for controlling the spatial morphology and distribution of cells on synthetic biomaterials.
Although this method has few drawbacks such as, multilayer and multicomponent pattern process, which makes it less economically viable. Routinely generated micrometre sizes features using µCP is expected to have an important role in the polymer and biomaterials 3D pattern generation when combining with other techniques, [77] [78] [79] e.g. photolithography, dip-pen lithography or with self-assembly polymeric systems.
Contact Printing without UV.
Microstructure generation by contact printing is a very recent approach used for the deposition of organic solvents onto a solid polymer film surface. 80 The schematic diagram of contact printing by solid pins are shown in Fig. 6 a. 80 In this process two layers of polymer coated glass slide in which bottom layer is chitosan (CS) (thickness ~1 µm) and the top layer is polystyrene surface with thickness either 1.2 µm or 2.4 µm measured by scanning electron microscope were used. The mechanism of microwell fabrication by this technique is totally different than the previously described other techniques (photoand soft-lithography, µCP, etc.), as in this case the polymer is locally transferred from the centre to the edge region that allowed to form rim very akin to the explanation of micro-fluidic flow proposed for the formation of a "ring-shaped coffee stain" when drop onto a solid surface. 81, 82 This technique has several advantages over other techniques, such as (i) ease of processing, (ii) no bulk flow of solvents required unlike lithography, (iii) the dimensions of microwells can easily be controlled by tuning physical and chemical parameters, and (iv) high density (several hundred e.g. 600 per cm 2 )
of microwell features can be generated in a single experiment. The well-defined and desired dimension of microwell fabrication will certainly depend on the selection of polymer and its solubility, solvents, sizes of the solid pin, amount of solvent deposited onto polymer surface, printing temperature and humidity. However, the fabrication of microwells in nano-scale range is required to be investigated.
The microwells that have been generated allowed various cell types manipulation, encapsulation and growth, 80 This technique is also extensively utilised to fabricate polymer microarrays by dispensing pre-form polymer solution onto a solid surface, which has been described in details in our recent published literatures. [83] [84] [85] Such polymer microarrays are immobilised with desire type of cell culture, allowing to indentify cell-compatible polymeric biomaterials for subsequent scaffold fabrication and implantation.
86, 87
Solid Free-Form 3D Patterning of Polymeric Materials by
Ink-Jet Printing. Solid free-form method is an ink-jet printing technique. This has been utilised to generate 3D patterns of polymers onto a substrate either by 'drop-on-demand' or 'continuous' mode, a solution based writing process onto substrates. [88] [89] [90] The drop-on-demand systems are subdivided into three categories such as (i) electromechanical (a piezo and electrostatic actuated system), (ii) electrothermal (a thermal actuated system) and (iii) electrostatic vacuum. The continuous mode are divided into two categories such as (i) electric field, e.g., electrical field controlled ink-jet system and (ii) Hertz continuous, a mutual charged droplet repulsion type ink-jet system. In the case former types, signals are used to control the ejection of an individual droplet. While in later systems, ink emerges continuously from a nozzle under pressure, and the jet breaks up into a line of continuous droplets, and the electric signals play a role to control direction of the jet. 91 Both types of ink-jet printing systems can provide features ranging in size from 10 µm to few hundred µm depending on the droplet size, chemical, physical and processing parameters. 92 To achieve precise and reproducible patterning with resolution less than 10 μm is remained challenging. However, the size of features can be reduced by using acoustic and electrohydrodynamic ink-jetting or printing on pre-patterned surfaces. The details on ink-jet printing systems are well reviewed by several research groups.
Structure and molecular architecture of polymers, their chain length and polydispersity index, and concentration of polymer in solution will eventually dictates the viscoelastic properties governing the printing pattern. This method has been investigated by research groups to obtain 3D patterning of polymer-arrays using both non-biodegradable 90, 93 and biodegradable (PLGA) 88 polymers, for applications in sensors 93 and cells patterning. 88, 94, 95 Sanjana and co-workers 95 have generated neuron-adhesive patterns using biodegradable polymer, namely collagen and poly(D-Lysine) (PDL) mixture via selectively ink-jet printing on poly(ethylene glycol) (PEG) surface. In these patterns PEG act as cell-repulsive material, while the collagen/PDL mixture act as cells-adhesive material. The inkjet printing technique is used for the construction of synthetic biodegradable scaffolds via printing of crosslinker onto liquid alginate/gelatin solutions, which formed 3D hydrogel scaffold that has potential application in tissue engineering. 96 To achieve a controllable pattern, the substrate on which solvent and polymer are ink-jet printed and the underlying layer should avoid dissolution and swelling.
3.1.5. Robotic Deposition. This is a more advanced technique compared to those described in previous sections. In this method the desired printing materials, e.g. polymer, composite, dispersed materials is continuously deposited onto a substrate either in melts or in solution [97] [98] [99] [100] [101] [102] to form a 3D complex surface. In order to obtain heterogeneous 3D structural biomaterials scaffold, parameters such as viscosity of solution, viscoelastic behaviour of biomaterials and their solidifying process after extrusion, along with computer aided design parameters are needed to be optimised. Using this technique 3D complex architectural scaffold with various pore sizes and porosity can be generated by a computer-control design layerby-layer printing and solidifying process, as explained in Fig. 7 .
Many research groups have demonstrated that this technique is very useful for generating complex geometry using various bioactive polymers and copolymers derived from natural and synthetic origins. [101] [102] [103] [104] [105] [106] Some examples of such polymers are: poly-Llactide (PLLA), poly(ε-caprolactone) (PCL), 101 Poly(Lactide-coGlycolide) (PLGA), 102 poly(ethylene glycol terephthalate-b-butylene terephthalate), 103 agarose, gelatin, 104 CS 105 and polyelectrolytes. 106 In the case of polyelectrolytes, the solution blend of cationic and anionic polymers were deposited from a nozzle and rapidly coagulated in an alcohol-water solution to obtain 3D periodic structure. Optical microscopic images of 3D lattices and radial structures with a resolution of 1 µm show high integrity surfaces, as shown in Fig. 7 showed that when human-bone-marrow-derived osteoprogenitor cells, cultured on scaffolds fabricated using PCL and PCLhydroxyapatite biodegradable composites, developed osteogenic lineage. 111 As an example, Woodfiled et al 103 have shown that when cellular compatible scaffold, used for tissue regeneration, due to attachment, proliferation of expanded human chondrocytes throughout the scaffold and matrix deposition by the cells led to the filling of pores with high cells viability (Fig. 7) . 103 
3D-Scaffold Fabrication and Patterning by Self-Organization
As discussed before, there are many techniques and methods have been developed for biomedical applications, particularly to the applications of cell-based tissue engineering and biomedical devices. Each of the above mentioned techniques require multiple steps, highly expensive and limited resources of starting materials needed for scaffolds and devices production. Therefore, there is a need for suitable alternative approaches for 3D structure generation. If we look at our biological nature, certainly one can see a number of examples of fabrication of self-organization of organic and inorganic components at ambient conditions. As an example, one can see butterfly wings has established interference patterns that show the self-cleaning properties similar to leaves and photonic crystals. 112 Another example is the Gecko feet which consists about 5x10 5 setae and can generate a strong adhesive force which has drawn a significant research interest. 113, 114 Inspired by the 3D pattern exists in biological structures, polymer and biomaterial scientists have developed 3D hierarchy and sophisticated architecture in the order of micron-to nano-structure from functional polymers and biomaterials [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] [123] [124] [125] alternative to the existing lithography techniques.
There are many advantages of generating suitable 3D structure by self-organization method. Some examples are as follows: (i) a Please do not adjust margins
Please do not adjust margins structure can be generated in physiological condition, (ii) no toxic chemicals or initiators are needed and, (iii) no requirement of high temperature or UV radiation for curing. Therefore, this selforganization technique can be employed in a variety biomedical application. Many research groups have developed reproducible 3D structures of self-organized honeycomb-pattern with highly regular porous networks using a number of different types of polymers under various conditions, [122] [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] and their porous network structure have been identified by scanning electron microscopy (SEM), as presented in Fig. 8 a, b. This revealed a 3D pattern of highly regular and uniform honeycomb hexagonal pore structure. This structure comprises top and bottom layers, which are laterally interconnected with nano-scale side pores. The tilted SEM image (Fig. 8b) clearly shows side-view of two hexagonal lattices connected at the vertices of the hexagons by vertical columns. This double-layered structure reflects the 3D surface morphology of the template, which is a self-organized and hexagonally packed. The mechanisms of these hexagonal structures have been described in several published literatures. [124] [125] [126] [127] In brief description, waterimmiscible solvent was used to dissolve polymer, followed by the casting of polymer solution onto a substrate surface and then by immediately evaporative cooling of humid air used. This allowed condensation of water droplets to be deposited onto the surface of casted polymer solution. These water droplets acted as a temporary template for pores generation. The condensed water droplets were unstable and it was essential to stabilise water droplets in order to achieve a highly regular honeycomb pattern surface. For achieving water droplet stability, the amphiphilic polymers were used, which act as a surfactant and contribute to the stabilization of the water droplets at the interface of the polymer solution and water, resulting in a highly reproducible and uniform structures. A number of experimental parameters are required to optimise water droplet stabilisation which includes selection of polymer, concentration of polymer in water-immiscible solvent, suitability of solvent and its rate of evaporation, casting volume polymer solution. These parameters ultimately govern the porous network structure, pore sizes and distribution. Researchers 126 have demonstrated that uniform pore size can be achieved by altering the parameters of polymer solution casting. The amount of polymer solution used for casting was found to influence the pore size of the fabricated honeycomb films, because the size of condensed water droplets increased with the evaporation time.
For cell-based biomedical application of 3D porous network structure, it is critically important not only to investigate cellular attachment, viability and growth after culturing on the scaffold matrix, but also other events such as cell spreading, cell migration, and differentiated cell functions. Thus, the physico-chemical and biocompatible properties of 3D scaffold substrate play a significant role in determining the cellular response. It has been demonstrated in several published papers [133] [134] [135] [136] [137] [138] [139] that the 3D honeycomb structure of scaffolds have strong influence on cell proliferation, cytoskeleton, focal adhesion, and extracellular protein generation.
As an example, hepatocytes formed spheroids, and synthesise albumin and urea when cultured on 3D honeycomb scaffold.
Researchers have also found that the pore sizes of the scaffold has significant influence on gene regulation. 132 Culturing of endothelial cells (ECs) on the honeycomb scaffolds with 5 µm pore size allowed to provide high level of proliferation. 100 Similarly neural stem cells (NSCs) was cultured on 3D honeycomb materials with a pore size of 3 µm, and was found to be accelerated proliferation while such 3D structure did not support differentiation of NSCs into neurons. 134 In addition, the pore size of the honeycomb pattern also affects mesenteric-visceral adipocytes function and that a honeycomb film with a pore size of 20 µm had the highest cell functions.
It is interesting to note that studies on the growth of cancer cells on 3D honeycomb surface were also conducted in recent time. It was found that the growth of such cancer cells was much lower as compare to that of a control 2D surface. Hence the surface topography of honeycomb scaffold possibly has an anticancer effect while culturing cancer cells. Thus, the effects of honeycomb structure on cellular phenotypes depend on the cell lineage type, e.g. ECs, NSCs and other normal, cancer and stem cells, and culture conditions. These were achieved in a culturing media which do not contain growth factors. The results of the investigations suggest that the honeycomb structure with different pore sizes could regulate the cell adhesion, morphologies, and functions while no growth factors used. Recently, a vertically open-pored film support for the tubule was given by a metallic tubular mesh was commercialized as a bile duct stent (Fig. 8 c) . Co-culture of ECs and smooth muscle cells on inner and outer side of the tubular honeycomb film are expected to find applications in novel cardiovascular stents and artificial vessels.
Using a simple method of polymer solution casting on a glass substrate and peeling off adhesive tape a completely different 3D architecture of polymer pincushions arrays can be achieved. 140 Such 3D surfaces, having nano-and micro-structures are suitable for specific cell-based tissue engineering and drug delivery. The mechanical properties and biodegradability of such scaffolds should resemble those of healthy tissues during tissue regeneration. The fabrication of hexagonal arrays of biodegradable polymer pincushions were developed using biodegradable, and biocompatible polymers such as polycaprolactone (PCL), poly(lactic acid) (PLA), poly(D,L-lactide-co-glycolide) (PLGA), and poly(3-hydroxybutyrate) (PHB), 141 which are U.S. Food and Drug Administration (FDA) approved materials. Thus the use of such materials in medical devices can avoid FDA hurdle in clinical application.
The pincushions structures are confirmed by microscopic analysis (Fig. 8 d, e) , which shows that each pore is surrounded by six pincushions with a diameter of approximately 0.1-0.5 µm. The tilted SEM analysis of pincushion structures (Fig. 8 f-i) showed vertically and hairy aligned morphologies. The heights, widths, and distances of separation of the pincushions were dependent on the type of polymer used and the pore size of the original honeycomb film. For example, PCL pincushions (Fig. 8 f) showed an elongated hair-like morphology as compared to the pincushions generated from other polymers. Both sharp and hairy pincushion structures could be controlled by peeling off at a certain temperature above or below glass transition temperature. Such structural and morphological differences could be attributed to the polymers viscoelastic and mechanical properties, and their interaction with glass surfaces.
The generation of 3D pincushions was performed under physiological conditions with simplicity, flexibility and cost effectiveness and different from other techniques. It has been demonstrated that the nano-structured surfaces, utilized for longterm maintenance of stem cell phenotype and multipotency, 142 and such structures have positive influence on cells-and materialsbased therapeutic applications. 87 As discussed earlier that honeycomb structure has significantly influence on cellular behaviour as compare to that of flat surface, an example is presented in Fig. 8 j-q for endothelial cells growth and differentiation. Immunohistochemical analysis (Fig. 8 n-q) revealed that a remarkably high extracellular matrix proteins production when EC cultured on honeycomb film with 5 µm pore surface as compare to that of flat surface.
3D Scaffold by Self-Assembly Peptides
Peptides are naturally inspired materials, synthesised from the sequence of the amino acids monomers that carries a carboxyl and an amine functional groups on the chain. The peptides are designed both from natural and synthetic amino acids, they link together to form short peptides then long polypeptide chains in a control manner. 143 Due to the functional groups such as amines (NH) and carbonyls (CO) present in the peptides chain, allow to perform further chemical reactions with functional groups such as thiols and alcohols, and can be combined with a wide range of materials such as lipids, sugars, nucleic acids, metallic nanocrystals and many more. 144 Moreover, the peptides have excellent properties such as biocompatibility, resistance to extreme conditions of high and low temperatures, detergents and denaturants. 144 Thus the peptides are capable of wide range of chemical interactions and molecular recognitions, forming various non-covalent interactions in water, including hydrogen bonding, ionic, π-π interactions, hydrophilic and hydrophobic. These interactions lead to the formation of supramolecular self-assemblies that can give rise to a variety of 3D nano-structures such as nano-fibers, nanotubes, and nanoparticles. 145, 146 In the last two decades, significant advances have been made on the self-assembly peptides (SAPs), and continue to expand rapidly world-wide as a fundamental part of nano-structure generation. 143, 147 Now, these SAPs systems are reaching in a wide range of applications in biology, drug delivery, nanobiotechnology and nanoelectronics.
However, their use in technological applications is facing several challenges, which include (i) the precise positioning of peptidebased nanostructures, (ii) their controlled assembly and positioning, and (iii) their integration into microsystems. Until now, the positioning of the SAPs has been limited on flat surfaces and the fabrication of peptide arrays.
Dinca et al
144 demonstrated that SAPs with unique physical and chemical stability, are capable of functioning as a template for the fabrication of low resistance, and conducting nanowires. In this research, they proposed a methodology for the precise, 3D patterning of amyloid fibrils with combination of laser technology and biotin−avidin mediated assembly on a polymer surface. They also suggested that this method can be applied from molecular electronics to tissue engineering. In this section, we focused the use of SAPs for cells-based tissue regeneration.
In TE, SAPs with low-molecular-weight peptides (oligopeptides) are capable of creating microenvironments suitable for cells culture, 148, 149 and tissue regeneration. 150, 151 Several researchers 152, 153 have reported that SAP nanofibre scaffolds promoted optic nerve regeneration. These SAPs nanofibre scaffolds are formed spontaneously from individual peptides by interacting with physiological salts and, are entirely biocompatible. 152 Such scaffolds composed of Arg-Ala-Asp-Ala (RADA) oligopeptides utilised in in vitro PC12 cells culture which promoted neurite outgrowth and synapse formation by hippocampal neurons. 153 Kisiday et al 148 This hydrogel is utilised for encapsulation of chondrocytes. Chondrocytes seeded within the SAP hydrogel retained their morphology and developed a cartilage-like ECM rich in proteoglycans and type II collagen, in 28 days in vitro culture period. They have also demonstrated that SAPs hydrogel is a potential scaffold for the biosynthesis of extracellular matrix (ECM) and glycosaminoglycan (GAG) accumulation within a 3D cell culture for cartilage tissue repair. The SAPs-based hydrogels can also be used to incorporate bioactive molecules via chemical conjugation to different moieties to allow signaling to cell surface receptors and to enhance cellular adhesion and function.
Polymeric Biomaterials Mediated Cells Manipulation
Research on various types of cells encapsulation in a variety of polymeric biomaterials, particularly hydrogels derived from matrigel, 154 Hydrogels are capable of assisting neural regeneration 158 ( Fig. 9 a) (Fig. 9 b) , 155 because it co-regulates gene expression, signalling, proliferation, motility, adhesion, metastasis, and morphogenesis of hESCs in vivo. In human, the HA content is greatest in undifferentiated cells and during early embryogenesis and then decreases at the onset of differentiation, where it has a crucial role in regulation of the angiogenic process. It has been demonstrated 155 that when hESC is encapsulated in 3D hydrogels, prepared from HA, hESCs maintained their undifferentiated state (Fig. 9 b) , 155 and preserved their normal chromosomes state in the cells nuclei. hESCs in hydrogels maintained their full differentiation capacity by embryoid body formation while these cells can be differentiated within the same hydrogel by incorporating soluble factor molecules. Thus HA hydrogels, with their developmentally relevant composition, tuneable porosity, pore sizes and mechanical strength, provide a unique microenvironment for the self-renewal and differentiation of hESCs. The 3D structural biomaterials, developed from synthetic materials, had been tested for selfrenewal of hESCs for a limited period. This has shown that much research and development are needed to design robust synthetic materials system associated with relevant bioactive molecules to support long-term of hESCs.
A significant research interests have been drawn both in academia and in biotechnology industries to replace fully or partially biologically derived native materials with synthetics. Materials having biological origins have several drawbacks such as, high cost, batch to batch variation and, sometimes, uncertainty of component identification. While synthetic materials are highly reproducible without variation between batches, and economically viable.
Fischbach et al 159 developed synthetic 3D polymer scaffold to engineer 3D human tumour models using carcinoma cells. Human umbilical vein endothelial cells (HUVEC) were cultured on 2D and 3D surfaces produced from poly(lactide-co-glycolic acid) (PLGA) and matrigels biodegradable polymers, and their analysis was performed by means of proliferation and differentiation. This exhibited angeiogenic potential and cells proliferation of 3D surfaces to be remarkably higher than those from other cultured conditions. behaviour after implantation. Polymer solutions can be mixed with cells before the gelling process can take place allowing cells migration and proliferation throughout the 3D hydrogels scaffold. CS and PEI have been found to support the growth of human fetal skeletal cells within the 3D gel with suitable mechanical properties. The porosity of gels facilitated cell proliferation and prevented dedifferentiation of the skeletal cells into fibroblasts by maintaining these cells in a chondrocyte-like spherical morphology (Fig. 9 c) . 8 
Cartilage
Cartilages are tough, flexible tissues which act as shock absorbers.
These cover the surface of joints found throughout the body and facilitate bones to slide over one another with reduced friction, and damage. There is no blood supply through cartilage unlike other tissues such as skin or muscle, which makes it difficult to regenerate damaged cartilage tissue. Articular cartilage that lies between joints such as knee joints where the most common and serious damage occurs, resulting in pain, swelling, and some loss of mobility. Therefore, it is essential to develop 3D scaffold matrix for repairing cartilage tissues for clinical applications.
Culturing of mesenchymal stem cells (MSCs) on a variety of TE scaffolds facilitate chondrogenesis and formation of cartilage have been reported in several research papers. [160] [161] [162] [163] [164] However, there Relative gene expression levels were normalised to the expression of β-Actin, which served as a house-keeping gene. The group with the highest expression was assigned a value of 1 and expression levels in the remaining groups were determined relative to that group. Fold relative expression levels were expressed as mean ± SD for plotting as bar graphs, n = 4 for monolayer cultures and n = 3 for hydrogel cultures. (a) Reprinted with permission.
appears to have some limitations in achieving identical properties of native cartilages. Additionally, generation of functional cartilage by MSCs has been found to be troublesome, as it depends on the viable cell source for extracellular cartilage matrix production, leading to high quality cartilage regeneration. 164 It is noted that the uniform distribution of such matrix, generated by MSCs is essential for the optimum mechanical strength of the tissue. Therefore, appropriate design of 3D structured biomaterials to support uniform distribution of formed tissue is essential for effective cartilage formation by MSCs.
Studies performed both in vitro and in vivo 165 have shown that culturing of MSCs on a functionalised HA-based hydrogel by crosslinking method maintains chondrocyte viability and chondrogenic differentiation. It was, however, reported that ECM distribution was not homogeneous due to the unmet degradation rate of hydrogels as a function of ECM production. In an ideal scenario, the tissue engineering of 3D scaffold degradation should match with ECM production by the cells and its accumulation. The degradation rate of scaffolds affects the diffusion of nutrients and waste, cell-cell communication, cell-material interactions, and the distribution and retention of ECM. Therefore, to control rate of degradation of 3D scaffold it is important to select an appropriate crosslinking procedure out of the following: UV-induced crosslinking, chemical crosslinking, and to select appropriate density of crosslinking, or of functional group (if copolymerised) onto the backbone of HA. The MSCs, cultured within HA functionalized hydrogels, showed a rounded cell morphology. 166 It is also reported that the tuning of physical and mechanical properties of scaffolds can control neocartilage formation. For tissue regeneration, the hydrogels scaffolds must control two important properties, i.e. mechanical stability and degradation rate. These can be achieved via crosslinking of acrylate and aldehyde groups, which will lead to the repair of cartilage. 167 A modified CS biodegradable hydrogels have been developed, 168, 169 and the biocompatibility was assessed by culturing chondrocytes on the hydrogel scaffold in which cells exhibited clustered growth and produced extracellular matrix on CS gel in in vitro condition. This CS gel-chondrocytes promoted cartilage regeneration of defect in rabbits. 168 However, development of hydrogels with high mechanical strength for cell encapsulation and 3D culture is a challenging task for cartilage tissue engineers. Therefore, double network and / or interpenetrating network structures of polymer hydrogels [170] [171] [172] are now considered to be potential candidates for cartilage TE.
Polymer substances from natural origin, such as, collagen, alginate, silk fibroin, agarose, etc. were also used to design and fabricate scaffolds in a wide variety of forms including, meshes, sponges, foams, hydrogels, glues, composite layers, biotextiles, nanofibers and microspheres. [171] [172] [173] [174] [175] [176] Various synthetic polymeric materials have been used to fabricate scaffolds for cartilage repair. These included PLA, PGA, PLGA copolymers, PEG or PPO polymers. These were found to form gels, ceramic composites and hydrogels containing PEG polymer-based derivatives at different temperatures. 177 A list of polymers scaffolds fabricated by using a variety of techniques and used in pre-clinical animal and clinical human trials in cartilage tissue engineering [178] [179] [180] [181] [182] [183] [184] [185] [186] is presented in Table 1 .
Bone
The research and development in bone tissue engineering, [187] [188] [189] [190] [191] [192] [193] [194] [195] [196] [197] using a combination of cells, factor molecules, and supportive 3D matrices, have gained momentum in recent years. Biomimetic and biodegradable polysaccharides scaffolds derived from chitosan, [198] [199] [200] [201] hyaluronic acid (HA), [202] [203] [204] [205] [206] and alginate, [207] [208] [209] [210] [224] [225] [226] [227] [228] [229] It has been concluded that these polymer based scaffolds have some advantages over ceramic and glass based ones, primarily because the properties of the polymer based scaffolds can easily be processed tailored to obtain suitable geometry for implantation. The major drawbacks with polymer scaffolds are low mechanical strength and shape retention failure, insufficient cell adhesion and growth, and hence, require surface modification with functional groups or incorporation of bioactive materials to form multicomponent biocompatible composite bone scaffolds [230] [231] [232] [233] [234] [235] [236] [237] [238] [239] [240] [241] [242] [243] to enhance osteogenicity 244 for ultimate bone tissue engineering.
Recently very promising polymer based scaffolds have been developed and pre-clinical trials have been conducted (see table  1 ). [245] [246] [247] [248] [249] [250] This showed that, superior biocompatibility, biodegradability and high mechanical strength, and growth factors can be achieved within the scaffold materials to enhance bone formation. 86, 87, 249, 250 Naturally derived polymers, particularly polysaccharides, have found wide application in biomedical technology as signalling molecules such as peptides, proteins can easily be incorporated in these via chemical processing. Additionally, these are found to interact well with inorganic components and provide a very akin environment for cells to grow. Gels, crosslinked with inorganic components, lend itself to be processed using a simple chemical processes and can be introduced into the body through a minimally invasive surgery. 189 In recent years, various designed materials construct have been developed in our group, using a blending approach of multi-component polymers for bone tissue engineering. 86, 87, 249, 250 
Neural Tissue Engineering (NTE)
Physical injury to the central nervous system (CNS), which can be caused by a severe accidents and neurodegenerative diseases like Parkinson's and Alzheimer's, disrupt brain architecture. As a result severe functional disorder may ensue due to the loss of neuronal cell bodies, axons, and associated glia support. Regeneration of damaged neural tissue, because of their complex structure and functioning, is a highly challenging task in global healthcare system in the field of tissue engineering applications.
Currently autologous nerve grafting approach has been used clinically to repair nerve defects. It is well known that such clinical approach has two major disadvantages: (i) loss of function in the donor nerve graft sensory distribution and (ii) geometrical mismatch between the damaged nerve and the nerve graft. Thus, there is a need for neural TE strategy to be developed, focusing on 3D scaffolds generation with a favourable neural cells growth that in facilitates regeneration. Several researchers have utilised scaffolds for enhancing regeneration within the CNS, and generated promising results. 251 With the aim of nerve regeneration, several research groups have, independently, developed a variety of polymeric templates. [251] [252] [253] [254] [255] [256] [257] [258] [259] For example, Tsai et al 251 have
synthesised poly(2-hydroxyethyl methacrylate) (PHEMA)-methyl methacrylate (MMA) hydrogel, which enables to incorporate growth factor molecules. This copolymer system combining with growth factors has allowed spinal cord injury repairing in animal models.
Recent studied suggested that stimuli responsive soft materials, especially electrically stimulated hydrogels, have played significant role in the proliferation and differentiation of nerve cells. [252] [253] [254] The neurite extension and outgrowth was substantially enhanced on electrically conducting polymer hydrogels in different culturing media. The effect was found to be more prominent in negatively charged polymeric materials than in positively charged or neutral 252 ones. The neutral polymeric hydrogels (e.g. PEG, PHEMA), functionalized with ionic compounds to form ionic hydrogels, are able to bridge a spinal cord lesion when implanted inside a hemisection cavity. HEMA-based hydrogels with charged functional groups, either cationic or anionic, have the ability to enhance axonal regeneration inside the implant, and surprisingly, no charge was observed when minimal axons infiltrate hydrogels. 253 Researchers have also found that implanted hydrogels with 
Growth factors (GFs) incorporated in hydrogel and angiogenesis
A growth factor is defined as a naturally occurring protein or steroid hormone that binds to specific receptors on the surface of their target cells. GFs can play a role in a variety of physiological processes such as, new blood vessel generation, phenotypic activities of cells, tissue development and healing, wound healing and treatment of myocardial and hind limb ischemia. [283] [284] [285] [286] [287] [288] [289] [290] [291] [292] However, the stability of GFs is critical factor in the above processes when administered in vivo. Therefore, suitable delivery system to improve stability is needed in order to promote neo-vascularization at a local tissue site. The hydrogel polymer has been found to influence controlled release of such factor molecules. 293, 294 For optimum performance of GFs, it is necessary to combine these with carrier molecules in order to release it in a control manner.
Although some success of current clinically available GFs delivery devices have been reported in some TE fields, these are not even near enough to an ideal system, demanding further research on efficient and sustainable delivery devices. The clinical technologist and the researchers within the biotechnology industry are enthusiastically looking for systems for controlled and efficient delivery using lower dose of GFs and for the production of a more sustained release pattern to serve as a more effective 3D scaffold surface with structural support in tissue engineering. An in-depth understanding of tissue-healing processes is, therefore, needed to allow us design new suitable delivery systems for GFs. Additionally, the processes of normal tissue-healing needed to be biologically optimized so that there are sequential overlapping stages for the transition from immature to mature (definite) tissues. Logically, mimicking both the structures and the sequence of the tissuehealing process should be the best option for designing biomaterials for TE. This is mainly because of their ability to initiate the body's natural tissue-healing cascades at the site of injury. A number of GFs that have been studied in biomedical applications to enhance TE and angiogenesis in recent time are included in Table 2 .
Polymeric hydrogels play a significant role as ECM scaffolds by serving as a matrix for bioactive molecules delivery to the cells as well as regulating cellular activity. The GF can be incorporated within the hydrogel matrix by crosslinking during the preparation of the gel and can control the sustain release, as demonstrated in Fig.  10 . Polymer hydrogels are highly porous network structure through which cell migration, cell proliferation and cell-cell communication take place. Lowe and co-worker 293 described that cells communicate with the ECM via signalling pathways through integrin which eventually can alter gene expression, resulting in cell migration, differentiation, proliferation or apoptosis. Several studies 157, 295 show that vascular endothelial growth factor (VEGF) is one of the most important growth factors for repairing many types of tissues. Other examples of GFs are bone morphogenic proteins such as, BMP-2 and BMP-7, which have shown bone formation in clinical use. 296, 297 However, such factors still remains unsafe 298, 299 and highly expensive. 300 Protein based hydrogels have been used to deliver bone morphogenetic protein 2 (BMP-2) for skull defect. 301 However the main disadvantages of the protein based hydrogels are the control of their degradation as most of them are derived from animal products, such as metrigels. Therefore, current research has been devoted to the development of synthetic based polymer hydrogels. A class of synthetic based materials, namely injectable polymer hydrogels derived from the oligo(poly(ethylene glycol) fumarate) (OPF), developed by Park and co-worker, 302 for the delivery of GFs to the cells. The hydrolysis of OPF hydrogels can degrade to the ester bonds in the fumarate group.
Recently, the thermo-reversible polymer hydrogels have attracted a considerable attention both in academia and industry, particularly in TE scaffold technology and drug delivery. 303 Cell cultured in thermo-reversible hydrogels demonstrated higher viability and enhanced cellular functions. 297 The research has shown that the thermo-reversible polymers were useful as an injectable hydrogels. However, very limited study in 'in vivo' tests for TE, involving growth factors incorporation has been conducted so far. 304 Therefore, an injectable, in situ crosslinkable, biodegradable and thermo-reversible, hydrogel is needed for minimally invasive delivery of therapeutic molecules to the localised cells and tissues.
The in situ crosslinking approach of injectable hydrogels, with or without cells into the infracted myocardium, shows improvement in neovascularization and heart function and enhanced angiogenic response. 292 In this research, Researchers reported that injectable alginate-based hydrogels with and without RGD -modified alginate, increased the arteriole density as compared to that of control one with the RGD modified alginate having the greatest angiogenic Table 2 . A number of growth factors which can be incorporated in polymer hydrogels and scaffolds to promote various tissue regeneration.
Growth Factors Tissue engineering application Function
Ang-1 283 Blood vessel, heart, muscle Promote maturation and stability of blood vessel. Blood vessel Migration, proliferation and survival of ECs.
Note: Ang (angiopoietin), BMP (bone morphogenetic protein), EGF (epidermal growth factor), EPO (erythropoietin), FGF (fibroblast growth factor), G-CSF (granulocyte-colony stimulating factor), GM-CSF (granulocyte-macrophage colony-stimulating factor), HGF (hepatocyte growth factor), IGF (insulin-like growth factor), GDF (growth and differentiation factor), NGF (nerve growth factor), PDGF (platelet-derived growth factor), TGF (transforming growth factor), TPO (thrombopoietin) and VEGF (vascular endothelial growth factor).
response. In this case alginate biopolymers act as a synthetic ECM and RGD peptides as a cell-matrix mediator, which increase cell binding affinity and effect on cell behaviours through integrinligand interactions. Several pre-clinical studies have demonstrated that angiogenic GFs can stimulate the development of collateral arteries in animal models of peripheral and myocardial ischemia. 303 An in vivo study shows that the CS based hydrogels could be useful for gradually release of the fibroblast growth factor-2 (FGF-2) molecules as they biodegraded in vivo. 304 Researchers also described that releasing FGF-2 molecules from the hydrogels caused induction of angiogenesis and collateral circulation occurred in healing impaired diabetic (db/db) mice and in the ischemic limbs of rats. However the sustain release and local delivery of GF will certainly depend on the nature and characteristics of the hydrogel and the method of fabrication and process. The GFs can be crosslinked with the gel materials either physical interactions or chemical reactions. Recently it has been demonstrated that photoinduced crosslinkable and biodegradable pluronic/heparin composite hydrogels were synthesised with a specific objectives for local and sustained delivery of basic fibroblast growth factor (bFGF) to induce angiogenesis. 305 However, there are still several concerns that GFs have adverse effects, especially for using high level of doses. Exposure of myocardium to high local levels of GFs can cause hemangioma-like tumors, vascular malformations, and neointimal development. 306 To minimize such adverse effects, dose reduction of GFs and their control delivery would be an important strategy in this field.
Conclusions and Future Prospects
A numerous efforts have been made globally in the last two decades to bring laboratory-based ideas into clinical trial stage followed by clinical procedures in biomedical applications. Currently biomaterials technology, within the overall healthcare system is receiving benefits as a result of multidisciplinary field of research, albeit often with disappointing output. For achieving the ultimate goal, however, many challenges need to be addressed and overcome. For TE applications, the production of more complex scaffolds materials with biomimetic properties and mechanical stability is necessary. Designing and fabrication of biomimetic synthetic scaffold, aimed at producing biofunctional synthetic matrices to enhance cellular function and leading to high quality tissues development, are also issues to be addressed. Combining multiple physical and chemical approaches with incorporating suitable functionalities to the molecular chain of polymeric materials is expected to provide complex scaffold with architectural-hierarchy, which will enable to mimic the cellular environment, exchange information with cells and enhance cell-cell communication.
To date, the examples of technologically advanced biomaterials have been the multi-component polymer hydrogels derived from a various functional monomers, polymers or oligomers, synthesized either by physical or chemical crosslinking. Such hydrogel systems are expected to find potential use in variety of areas including the regeneration of tissues, and the delivery of bioactive molecules (e.g. growth factors, drugs). However, a number of hurdles, such as biocompatibility, mechanical strength, rate of degradation, etc. also need to be addressed and overcome for effective TE applications. For such applications, the materials with controllable mechanical properties, degradation profiles and 3D structure which could easily be modified to suit a particular tissue purpose need to be developed. Now we can generate 3D synthetic scaffolds with appropriate structural properties that actively support cells to form tissue in defect site. For example, the polymer scaffolds have been found to generate new bone formation when implanted into a defect site in rat femora without the use of expensive growth factors. 86, 87, 249, 250 Naturally derived polymeric biomaterials employed in a wide range of applications, some device materials are commercially available and such polymers most likely to remain best candidate for further research and evaluation in biotechnology. In the future, the research is expected to continue on the processing of 3D structure and product development using naturally derived polymers, perhaps with combining this with synthetic polymers, for appropriate tissue type.
To generate 3D structure of scaffolds, various production techniques and methods using different types of polymeric materials need to be employed. Each technique has a particular processing method and multiple steps and has advantages and disadvantages. Therefore, the choice of technique for 3D fabrication will depend on the nature and type of materials, their structure and properties, interaction with substrate and finally, the intended applications. The robotic technique is considered to be the best choice in an application where a complex 3D architecture scaffold is needed as the generation of such structure is not possible by other techniques. However, some of which are still in an early stage of development and require significant improvement in the bio-chemical technology as well as an in-depth understanding of the basic processes involved. The latter will provide tools to generate structures with best performance. The challenges are the improvement of 3D patterning efficiency with high resolution and low-cost pattering, with good level of performance. To achieve costeffective 3D patterning and to achieve patterns in multiple length scales, a combination of different techniques will be necessary. Recently, self-organization techniques have shown very promising approach for the cost-effective fabrication of 3D honeycomb structure with exiting in vitro and in vivo results, but more research is need in this area. Self-assembly peptides nanostructures are very promising biomimetic materials and could be used in various field of TE, but still in their early stage of development. Incorporation of bioactive molecules into the 3D polymer hydrogels/scaffolds and their release in a control manner towards targeted tissue will provide a powerful methodology to study and manipulate developmental and regenerative processes. This will depend on the biological demand of the target tissue.
Harnessing the potential of this technology for clinical use strongly depends upon more researchers and multidisciplinary approaches that combine engineering, biomaterials, medicine and the technical expertise of medical specialists. Working in close collaboration between polymer chemists, materials scientists, tissue engineers and reconstructive surgeons may eventually help to achieve clinical excellence and products for a range of degenerative diseases, for ultimate improvement in the quality of life.
